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chromosome segregation, chromosome decondensa-
tion, and nuclear envelope formation. In S. pombe and
S. cerevisiae, genetic studies have defined pathways
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University of Massachusetts School of Medicine controlling actin reorganization on exit from mitosis [1,
Worcester, Massachusetts 01655 2]. In higher eukaryotes, however, the molecular mecha-
2 Department of Genetics nisms controlling cytoskeletal reorganization during mi-
Yale University School of Medicine totic progression are less well understood. The cleavage
New Haven, Connecticut 06510 plane appears to be specified by the position of the
spindle during metaphase or anaphase, when a number
of proteins localize to the site where the furrow will form
[3, 4]. Actin filaments subsequently accumulate at thisSummary
site and organize into the contractile ring, which con-
stricts to cleave the cell. It is unclear if spindle astersBackground: In syncytial blastoderm Drosophila em-
or the central spindle provide the positional informationbryos, actin caps assemble during telophase. As the
that defines the cleavage plane, and there is evidencecell cycle progresses through interphase, these small
that both structures have a role in this process (reviewedcaps expand and fuse to form pseudocleavage furrows
in [5, 6]). In addition, the molecular pathways linking thethat are structurally related to the cleavage furrows that
spindle poles and/or central spindle to actin reorganiza-assemble during somatic cell division. The molecular
tion and the source of filamentous actin in the contractilemechanism driving cell cycle coordinated actin reorga-
ring remain to be defined.nization from the caps to the furrows is not understood.
In syncytial blastoderm stage Drosophila embryos,Results: We show that Drosophila embryos contain a
dramatic changes in actin organization accompanytypical Arp2/3 complex and that components of this
rapid divisions that occur in a cortical nuclear mono-complex localize to the margins of the expanding caps,
layer. During each nuclear division cycle, mitotic exitto mature pseudocleavage furrows, and to somatic cell
leads to actin accumulation within plasma membranecleavage furrows during the postcellularization embry-
bulges that lie above each newly formed daughter nu-onic divisions. A mutation that disrupts the arpc1 sub-
cleus. These actin and membrane based bulges areunit of Arp2/3 leads to spindle fusions that are character-
istic of pseudocleavage furrow disruption. By contrast, referred to as actin caps. These caps expand though
this mutation does not significantly affect nuclear posi- interphase and fuse to from pseudocleavage furrows
tioning during interphase, which is dependent on actin that surround the cortical spindles at the next mitosis
cap function. In vivo analysis of actin reorganization [7–9]. The pseudocleavage furrows share a number of
demonstrates that the arpc1 mutation does not prevent components with the cleavage furrows that form during
assembly of small actin caps but blocks cap expansion somatic cell division, suggesting that these are related
and furrow assembly as the cell cycle progresses actin structures [10–13]. While actin is essential to as-
through interphase. The scrambled gene is also required sembly of both pseudocleavage and true cleavage fur-
for cap expansion and furrow assembly, and Scrambled rows, the mechanism of actin filament polymerization
is required for Arp2/3 localization to the cap margins. in these structures has not been determined.
Conclusions: The Drosophila Arp2/3 complex and The Arp2/3 complex is the best-characterized actin-
Scrambled protein are required for actin cap expansion nucleating factor in somatic cells [14–17]. This conserved
and pseudocleavage furrow formation during the syncy- complex has been implicated in membrane extension dur-
tial blastoderm divisions. We propose that Scrambled- ing cell migration and in motility of intracellular pathogens
dependent localization of Arp2/3 to the margins of the but has not been previously shown to have a cell cycle-
expanding caps triggers local actin polymerization that specific function. We show that early Drosophila em-
drives cap expansion and pseudocleavage furrow as- bryos contain a typical Arp2/3 complex and that two
sembly. components of this complex localize to the leading edge
of expanding actin caps and to mature pseudocleavage
Introduction furrows. Furthermore, we show that a mutation in the
Arpc1 subunit of the Arp2/3 complex disrupts actin cap
Cell division and accurate chromosome segregation de- expansion, leading to a failure in pseudocleavage as-
pend on spatially and temporally coordinated changes sembly and function. Interestingly, the arpc1 mutation
in nuclear and cytoskeletal organization. In somatic cells, does not prevent cap assembly. The actin-based caps
entry into mitosis triggers disassembly of interphase and furrows thus have differential requirements for Arp2/3,
microtubule and actin arrays, spindle formation, nuclear with this conserved complex playing a particularly criti-
envelope breakdown, and chromosome condensation. cal role during cap expansion and furrow assembly.
On exit from mitosis, spindle disassembly and formation Based on these observations, we propose a model in
of the actin-based contractile ring are coordinated with which actin cap expansion and pseudocleavage furrow
assembly are driven by Arp2/3-mediated actin polymer-
ization.3 Correspondence: william.theurkauf@umassmed.edu
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premigration nuclear divisions, f-actin is organized
around centrosomes [22]. As shown in Figures 2A–2D,
Arp3 localizes to distinct particles that are also concen-
trated around the centrosomes. A subset of Arp3 parti-
cles have f-actin “tails” reminiscent of the comet tails
associated with intracellular pathogens (Figure 2D,
arrow). However, the majority of Arp3 particles do not
have actin tails and only partially colocalize with f-actin.
Following nuclear migration and formation of the syn-
cytial blastoderm embryo, cortical actin proceeds
through well-characterized cycles of cap and pseudo-
cleavage furrow assembly. Very early in interphase, f-actin
first accumulates in small, poorly organized caps (Figures
2E–2H) At this time, Arp3 accumulates in cortical bands
that partially surround these small actin caps (Figures
2E–2H, arrow heads). This is a transient organization,
however, and Arp3 shows pronounced accumulation at
the cap margins as soon as they being to expand (Fig-
ures 2I–2L). The majority of f-actin in the caps does not
Figure 1. Specificity of Arp2/3 Complex Antibodies colocalize with Arp3 but is displaced toward the interior
(A) Antibodies against Drosophila Arpc1, human Arpc2, and (B) Dro- of the caps (Figure 2L). During mitosis, Arp3 and actin
sophila Arp3 recognize polypeptides of the appropriate molecular are enriched in the pseudocleavage furrows (Figures
weight on Western blots of wild-type embryo extracts (arrows). The 2M–2P). Within the furrows, most of the Arp3 particles do
mobility of protein standards is indicated to the right of the blots.
not precisely colocalize with f-actin (Figure 2P). These(C) Whole-embryo extract was fractionated by sucrose gradient cen-
observations are consistent with a function for Arp2/3trifugation, and samples from the gradient were probed for Arpc1,
in cap expansion and furrow assembly.Arpc2, and Arp3 by Western blotting. These three proteins cofrac-
tionate with an estimated S value of 9S, consistent with assembly During interphase of the 14th nuclear division cycle,
into a typical Arp2/3 complex. The peak fractions of 4.5S and 11.3S actin-dependent invagination of the plasma membranes
protein standards, run in parallel, are indicated. incorporates the cortical nuclei into individual cells.
These cells subsequently undergo conventional cleav-
age and from f-actin-based contractile rings. During cel-
Results and Discussion lularization, Arp3 is enriched at the apical surface of
the embryo but is not found at the leading edge of the
Characterization and Localization invaginating furrows (Figures 3A–3C). During the post-
of Drosophila Arp2/3 cellularization divisions, by contrast, Arp3 shows strik-
To determine the role of the Arp2/3 complex during cell ing colocalization with f-actin at the contractile rings
cycle-regulated actin reorganization in syncytial blasto- (Figures 3D–3F). These observations raise the possibility
derm stage Drosophila embryos, we prepared antibod- that Arp2/3 has a direct role in conventional cleavage
ies to the Drosophila Arpc1 and Arp3 subunits (Figure furrow assembly but may have a secondary function
1, see Experimental Procedures). The Drosophila Arpc2 during cellularization.
protein, predicted from the genomic sequence, is very
similar to human Arpc2, suggesting that antibodies di- An Arpc1 Mutation Disrupts Cap Expansion
rected against the human protein would react with the and Furrow Assembly
fly homolog [18]. As shown in Figures 1A and 1B, this To examine Arp2/3 function during the syncytial blasto-
antibody and the anti-Drosophila Arp1c and Arp3 anti- derm stage, we set out to identify and analyze mutations
bodies recognize major polypeptides of the appropriate that disrupt components of this complex. The syncytial
apparent molecular mass on whole-embryo Western blastoderm divisions do not require zygotic gene ex-
blots. In addition, the three proteins recognized by these pression and are driven by material deposited in the
antibodies cosediment at approximately 9S on sucrose oocyte during oogenesis. Therefore, mutations that
gradient fractionation, consistent with the behavior of allow adult female development and egg production but
the Arp2/3 complex in other systems (Figure 1C, [17, disrupt Arp2/3 function in the oocyte were required for
19–21]. We conclude that these antibodies recognize these studies. The Arpc1 gene encodes the p41 subunit
components of the Drosophila Arp2/3 complex, which of Arp2/3, and several alleles of Arpc1 have been gener-
is similar in native size and shape to Arp2/3 in other ated by EMS mutagenesis [23]. These mutations are
systems. lethal and thus block development of homozygous adult
To determine the subcellular localization of the Arp2/3 females. However, germline clones of these mutations
complex, these antibodies were used to immunolabel syn- can be generated within heterozygous adult females
cytial embryos. The anti-Drosophila Arpc1 antibody did (see Experimental Procedures). Clones of stronger al-
not produce a signal above background, but the re- leles disrupt oogenesis and block egg production, but
maining two antibodies produced similar labeling pat- germline clones of the Arpc1r337st allele, which has a non-
terns. Results obtained with the anti-Drosophila Arp3 sense mutation at residue 337 yielding a truncated pro-
antibody are presented, as this reagent shows the high- tein, produce embryos (referred to as Arpc1r337st em-
bryos).est specificity on Western blots (Figure 1). During the
Arp2/3 in Furrow Assembly
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Figure 2. Arp3 Localization in Syncytial Em-
bryos
Prior to nuclear migration, Arp3 (A) and f-actin
(B) cluster around centrosomes (arrows,
merged image in panel [C]). Most of the Arp3
is present in particles that do not precisely
colocalize with f-actin, but a subset of parti-
cles have associated f-actin tails ([D], arrow),
suggesting that these particles nucleate actin
filament assembly. Following nuclear migra-
tion, actin caps form on mitotic exit and ex-
pand through interphase. Early in interphase,
small caps are present, and Arp3 ([E], arrows)
begins to localize to regions outside the
poorly organized actin caps (F and G). Later
in interphase, f-actin (J) is enriched at the
margins of the interphase actin caps, and
Arp3 (I) is present in a distinct rim around the
caps (K and L). Actin filaments are displaced
toward the interior of the cap relative to the
Arp3 staining rim (K and L). During mitosis,
Arp3 (M) is enriched in the pseudocleavage
furrows but does not precisely colocalize with
f-actin (N–P). The scrambled mutation blocks
pseudocleavage furrow assembly but does
not prevent assembly of small actin caps (R).
In scrambled mutant embryos, Arp3 (Q)
shows weak accumulation over the actin
caps (R) but does not localize to the cap mar-
gins. In the merged images, Arp3 is in red
and f-actin is in green. The final panel in each
row (detail) shows a high-magnification view
of the boxed region indicated in the accom-
panying merged image. Arp3 was labeled
with anti-Drosophila Arp3 antibody, and
f-actin was labeled with fluorescein-phalloi-
din. Scale bars, 10 m.
To characterize the effects of Arp2/3 disruption on the arpc1 mutant disrupts pseudocleavage furrows
function without seriously compromising the function ofthe syncytial mitotic divisions, embryos were injected
with fluorescent conjugates of tubulin, and centrosome interphase caps.
To directly examine the effect of the arpc1r337st mu-and microtubule behavior were analyzed (Figure 4). In
wild-type embryos, interphase nuclei and mitotic spin- tation on cell cycle-regulated actin reorganization,
arpc1r337st embryos were injected with fluorescent actindles remain uniformly spaced within the cortical mono-
layer during the syncytial blastoderm divisions (Figures conjugates and imaged by time-lapse confocal micros-
copy (Figure 5). In wild-type embryos, small interphase4A–4C). The arpc1r337st mutant embryos appear relatively
normal through division 10 to 11 but show spindle inter- actin caps form on mitotic exit, and these caps expand
continuously through interphase. Actin redistributes toactions and chromosome segregation errors that in-
crease in frequency during divisions 12 and 13 (Figure the margins of the caps as they expand and merge to
from pseudocleavage furrows (Figure 5A, 0–200s). In4F, data not shown). In contrast to these severe mitotic
defects, the arpc1r337st mutation does not produce dra- arpc1r337st embryos, pronounced actin caps assemble
on mitotic exit. However, these caps are smaller thanmatic defects in the spacing of interphase nuclei (Figure
4E). Occasionally, free centrosomes are observed in normal, actin never redistributes to the cap margins,
and the caps fail to expand. Late in the cell cycle, actinthese embryos (Figure 4E). However, the vast majority
of interphase nuclei have a normal complement of cen- disperses, and pseudocleavage furrow assembly fails
(Figure 5B, 0–200s). Interphase actin caps reform duringtrosomes, and the mutation does not appear to have a
significant effect on centrosome association with the the next telophase, and the cycle of defective cap
expansion is repeated (data not shown).nuclear envelope. Interactions between neighboring
spindles are characteristic of defects in pseudocleavage To gain further insight into actin defects in arpc1 mu-
tants, embryos were fixed and labeled for f-actin withfurrow formation [24], while defects in actin cap function
lead to dramatic clustering of interphase nuclei [24, 25]. rhodamine-phalloidin. In wild-type embryos, robust ac-
tin-based pseudocleavage furrows extend into the em-The uniform spacing of interphase nuclei combined with
frequent spindle fusions thus strongly suggested that bryo during late interphase and mitosis (see Figure 5C,
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Figure 3. Arp3 Localization during Cellulari-
zation and the Postcellularization Mitotic Di-
visions
During blastoderm cellularization, actin-
based furrows extend around the cortical nu-
clei, dividing the embryo into 6000 cells.
Panels (A)–(C) show a cross-section of an em-
bryo at the transition between slow and fast
phases of cellularization, when the furrow ca-
nal is just passing the cortical nuclei. Arp3 (A)
accumulates over the blastoderm nuclei but
does not localize to the actin-rich furrow ca-
nals (B) at the leading edge of the invaginating
furrows. Arp3 remains apical and does not
localize to the furrow canal through cellulari-
zation (data not shown). Postcellularization
cytokinesis utilizes a conventional cleavage
furrow, and Arp3 (D) is highly enriched in
these furrows, where it colocalizes with f-actin
([E and F], arrows). The field in panels (E) and
(F) includes three mitotic cycle 13 cells in late
anaphase/teleophase. The cleavage furrows
are indicated by arrows in panel (F). In the
merged images, Arp3 in red and f-actin in
green. Scale bar, 10 m.
inset). In arpc1r337st embryos, by contrast, only superficial available data are not sufficient to distinguish between
these alternatives.actin rings are present during mitosis (Figure 5D, inset).
These shallow actin rings do not completely surround The arpc1r337st mutation does not block blastoderm
cellularization (data not shown), consistent with the ab-spindles and do not extend significantly into the interior
of the embryo. These observations, with the analysis sence of Arp3 at the cellularization furrow canal (Figure
3). However, gene transcription increases dramaticallyof nuclear spacing and spindle assembly, indicate that
wild-type Arp1c function is essential to cap expansion during division cycle 14, and zygotic expression of func-
tional Arpc1 from the paternal allele could support thisand pseudocleavage furrow formation.
The role of Arp2/3 in cap assembly is less clear. The process.
arpc1r337st mutation used in these studies is a partial
loss of function allele, and the actin caps that form in An Actin Polymerization-Based Model
for Pseudocleavage Furrow Assemblyarpc1r337st embryos are smaller than normal. It is there-
fore possible that Arp2/3 function is needed for cap The accumulation of Arp2/3 complex at the margins of
the expanding caps and the specific defects in actin capmorphogenesis, and the low levels of Arp2/3 function
in the arpc1r337st mutants is sufficient to support assem- expansion and furrow assembly in arpc1r337st mutants
suggest a filament polymerization-based model for cellbly of small caps. It is also possible that actin assembly
in the caps is completely independent of Arp2/3. The cycle-regulated actin reorganization in the early embryo.
Figure 4. Mitosis and Interphase Nuclear
Distribution in Wild-Type and arpc1 Mutant
Embryos
Embryos were injected with rhodamine-
tubulin and imaged by time-lapse confocal
microscopy. Spindles were directly exam-
ined, and interphase nuclear position was in-
ferred from centrosome position and nuclear
exclusion of labeled tubulin. (A–C) In a wild-
type syncytial blastoderm stage embryo, mi-
totic spindles (A and C) and interphase nuclei
(B) are evenly separated and do not interact.
(D–I) In an arpc1r337st embryo, frequent interac-
tions between neighboring mitotic spindles
are observed during the later divisions (F),
which is characteristic of pseudocleavage
furrow defects. During interphase (E), how-
ever, nuclei (indicated by dark tubulin-
excluding circles) are uniformly distributed
and do not interact, consistent with the pres-
ence of functional actin caps. Occasional free
centrosomes are observed (D), but most nu-
clei have the expected two centrosomes.
Scale bar, 10 m.
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Figure 5. The arpc1r337st Mutation Blocks Ac-
tin Cap Expansion and Pseudocleavage Fur-
row Formation
Embryos were injected with Alexa actin and
imaged by time-lapse confocal microscopy.
(A) In wild-type embryos, interphase actin
caps form on mitotic exit (0 s) and expand
though interphase, merging to form pseudo-
cleavage furrows by the following mitosis
(50–200 s). (B) In arpc1r337st embryos, pro-
nounced actin caps assemble on mitotic exit
(0 s), but these caps do not expand, actin
remains loosely organized over the nuclei,
and furrow assembly fails (50–200 s). (C) In
fixed wild-type embryos labeled for f-actin
(red) and DNA (greeen) and imaged by confo-
cal microscopy, prominent actin furrows are
visible during mitosis. As shown in the inset,
these furrows extend into the embryo, sur-
rounding the mitotic figures. (D) In arpc1 mu-
tant embryos, by contrast, only superficial
rings of actin are present during mitosis. Con-
focal optical cross-sections (inset) demon-
strate that these rings do not extend into the
embryo. Elapsed time from completion of mi-
tosis (in seconds) is indicated in the upper
right hand corner in the panels shown in (A)
and (B). Scale bars, 10 m.
In this model, Arp2/3 localization to the edges of the quired for furrow assembly, and Scar/WAVE proteins
are know to activate the Arp2/3 complex [14]. Theseearly interphase caps leads to localized actin polymer-
ization that powers the outward membrane movements observations raise the possibility that Scrambled may
interact with Scar to localizes and activate Arp2/3 at theof cap expansion. The pseudocleavage furrows are then
formed as the neighboring caps meet. In this model, furrow margins.
The mechanism of actin filament polymerization duringpseudocleavage furrow maturation is mechanistically
related to membrane protrusion in migrating cells or to cytokinesis has not been determined, but localization of
Arp3 to contractile rings during the postcellularization divi-intracellular pathogen motility [14, 26] but is distinct
from the actomyosin-based process that appears to sions (Figure 2) raises the possibility that Arp2/3 mediates
actin assembly during conventional cleavage. Arp2/3 isdrive cytokinesis in somatic cells [27]. Consistent with
this hypothesis, Karess and colleagues have found that maternally deposited, and maternal protein pools re-
main active through the postcellularization somatic cellmutations in the myosin light chain gene and injection
of antibodies to myosin heavy chain do not produce divisions. As a result, the available lethal arp1c alleles
do not allow an analysis of Arp2/3 function during thesesevere defects in pseudocleavage furrow assembly (A.
Royou, C. Field, J.C. Sisson, W. Sullivan, and R. Karess, divisions. However, it may be possible to disrupt Arp2/3
function during the postcellularization divisions by RNAi.submitted). However, other myosins could mediate
pseudocleavage furrow assembly, and we cannot rule Analysis of the larval mitoses in animals mutant for lethal
arpc1 alleles may also provide insight into the functionout the possibility that Arp2/3 nucleates actin filaments
that subsequently serve as substrates for myosin-based of this complex during conventional cytokinesis.
contraction.
The mechanism of Arp2/3 localization during furrow Experimental Procedures
assembly is not known. However, the defects in actin
Live Confocal Imagingreorganization produced by the arpc1 mutation are strik-
Time-lapse confocal microscope analysis was conducted on a Leicaingly similar to the defects produced by mutations in
TCS-SP laser scanning confocal microscope as described in detail
the scrambled gene, and the Scrambled protein also elsewhere [29]. AlexaFluor 568-conjugated actin (Molecular Probes,
localizes to the margins of the caps and to furrows [25]. Inc., Eugene, OR) was injected into embryos at a concentration of
We find that Arp3 fails to localize to the margins of the 1.5–2.5 mg/mL. Rhodamine-conjugated tubulin (Cytoskeleton, Inc.,
Denver, CO) was injected into embryos at a concentration of 10 mg/mL.caps that form in scrambled mutant embryos (Figures
2Q–2T), suggesting that Scrambled may recruit Arp2/3
to the cap margins. The Scrambled protein shows no Antibody Production
A cDNA fragment encoding amino acids 1–97 of Arpc1 was clonedsignificant homology to other proteins and lacks clear
into the pGEX-6P1 expression vector (Amersham-Pharmacia). Thefunctional domains [25], and Arp2/3 components do not
GST-Arpc1 fusion protein encoded by this plasmid was expressedcoimmunoprecipitate or copurify with Scrambled (data
and purified as described [30]. Purified GST-Arpc1 fusion protein
not shown). The mechanism of Scrambled-dependent was used to immunize rats, and sera were screened for reactivity
Arp2/3 localization is therefore unclear. Zallen et al. [28] against fusion protein. The peptide YEEYGPSICRHNPVFGTMT, cor-
responding to the C terminus of Drosophila Arp3, was synthesizedhave recently found that Drosophila SCAR is also re-
Current Biology
710
and used to immunize rabbits. Antibody was affinity purified on a J.R. (1999). Cytokinesis: an emerging unified theory for eukary-
otes? Curr. Opin. Cell Biol. 11, 717–725.peptide antigen column according to standard procedures [31].
7. Warn, R.M., Magrath, R., and Webb, S. (1984). Distribution of
F-actin during cleavage of the Drosophila syncytial blastoderm.Immunofluorescence Analysis
J. Cell Biol. 98, 156–162.Embryos were fixed in 37% formaldehyde for 5 min, hand devitellin-
8. Warn, R.M. (1986). The cytoskeleton of the early Drosophilaized, and immunolabeled as described in detail elsewhere [32]. Actin
embryo. J. Cell Sci. Suppl. 5, 311–328.was detected by incubation with rhodamine-conjugated phalloidin
9. Karr, T.L., and Alberts, B.M. (1986). Organization of the cytoskel-(Molecular Probes) at 0.5 g/mL. DNA was labeled with OliGreen
eton in early Drosophila embryos. J. Cell Biol. 102, 1494–1509.(Molecular Probes, Inc.) [32]. To decrease background signal due to
10. Neufeld, T.P., and Rubin, G.M. (1994). The Drosophila peanuttotal cellular RNA, 10 g of RNase A was added during the secondary
gene is required for cytokinesis and encodes a protein similarantibody incubations. After washing to remove free secondary anti-
to yeast putative bud neck filament proteins. Cell 77, 371–379.body, OliGreen was added at a final dilution of 1:5000. The embryos
11. Field, C.M., and Alberts, B.M. (1995). Anillin, a contractile ringwere then washed and mounted as described earlier [32].
protein that cycles from the nucleus to the cell cortex. J. Cell
Biol. 131, 165–178.
Immunoblotting and Biochemical Analysis
12. Afshar, K., Stuart, B., and Wasserman, S.A. (2000). Functional
Wild-type embryo extracts were made as follows: 0–3 hr embryos
analysis of the Drosophila diaphanous FH protein in early em-
were collected and washed; embryos were dechorionated by incu-
bryonic development. Development 127, 1887–1897.
bation in 50% bleach for 5 min; 0.15 g of embryos were homogenized
13. Young, P.E., Pesacreta, T.C., and Kiehart, D.P. (1991). Dynamic
in 450 l of extraction buffer (EB) which consisted of 50 mM Tris
changes in the distribution of cytoplasmic myosin during Dro-
(pH 8.0), 150 mM NaCl, 0.1% NP-40, 0.5 mM EGTA, 0.5 mM EDTA,
sophila embryogenesis. Development 111, 1–14.
1 mM DTT, 1 mM PMSF, 1:100 Protease Inhibitor Cocktail (Sigma).
14. Pollard, T.D., Blanchoin, L., and Mullins, R.D. (2000). Molecular
The extract was then spun at 16,000  g for 20 min and 35,000 
mechanisms controlling actin filament dynamics in nonmuscle
g for 30 min. The high-speed supernatant (50 l) was then loaded
cells. Annu. Rev. Biophys. Biomol. Struct. 29, 545–576.
upon 1.2 ml 15%–40% continuous sucrose gradients made in EB.
15. Robinson, R.C., Turbedsky, K., Kaiser, D.A., Marchand, J.B.,
Sucrose gradient standards used were BSA (4.5S), catalase (11.3S),
Higgs, H.N., Choe, S., and Pollard, T.D. (2001). Crystal structure
and thyroglobulin (19.4S). The sucrose gradients were spun at
of Arp2/3 complex. Science 294, 1679–1684.
259,000  g for 4 hr. Fractions were collected and loaded on SDS-
16. Machesky, L.M., and Gould, K.L. (1999). The Arp2/3 complex:
PAGE gels along with samples of the high-speed supernatants,
a multifunctional actin organizer. Curr. Opin. Cell Biol. 11,
using standard procedures [33]. Western blotting was conducted
117–121.
with the following antibodies: -Drosophila Arpc1 1:500 dilution,
17. Mullins, R.D., Stafford, W.F., and Pollard, T.D. (1997). Structure,
-Drosophila Arp3 1:50, and -Arpc2 [18] 1:500.
subunit topology, and actin-binding activity of the Arp2/3 com-
plex from Acanthamoeba. J. Cell Biol. 136, 331–343.
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